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1. BACKGROUND {#ctm226-sec-0050}
=============

Evidence from translational animal models substantiated by clinical experience has demonstrated that inhaled smoke exposure damages the airway epithelial lining.[^1^](#ctm226-bib-0001){ref-type="ref"}, [^2^](#ctm226-bib-0002){ref-type="ref"}, [^3^](#ctm226-bib-0003){ref-type="ref"} This is followed by leakage of plasma substrates into the airways with airway clotting and fibrinous cast formation, resulting in inhalational smoke‐induced acute lung injury (ISALI).[^4^](#ctm226-bib-0004){ref-type="ref"} Standard supportive intensive care management of ISALI typically utilizes conventional mechanical ventilation (pressure/volume) support, oxygen therapy, bronchodilators, heparin, mucolytics, and fluid management.[^3^](#ctm226-bib-0003){ref-type="ref"}, [^5^](#ctm226-bib-0005){ref-type="ref"} Although anticoagulant and plasminogen activator (PA) strategies have been tried in preclinical studies, effective clinical therapy to manage ISALI is still problematic.[^3^](#ctm226-bib-0003){ref-type="ref"}, [^4^](#ctm226-bib-0004){ref-type="ref"}, [^6^](#ctm226-bib-0006){ref-type="ref"} We inferred that smoke‐induced local impairment of fibrinolytic activity contributes to deposition and persistence of airway casts. We used a well‐established sheep model of cotton ISALI and investigated aerosolized delivery of tissue plasminogen activator (tPA) or single‐chain urokinase plasminogen activator (scuPA) in saline.[^7^](#ctm226-bib-0007){ref-type="ref"} We found that high‐dose nebulized tPA delivery was confounded by airway bleeding complications, while scuPA was well tolerated and supported transient improvement in gas exchange and lung mechanics. The better response to scuPA appeared to relate to its relative resistance to plasminogen activator inhibitor (PAI‐1) and ability to form bioactive complexes amenable to low‐grade release of uPA for up to 24 h.[^7^](#ctm226-bib-0007){ref-type="ref"}, [^8^](#ctm226-bib-0008){ref-type="ref"} However, neither of the aerosolized interventions achieved durable reduction in cast burden or improvements in physiologic responses in this severe lung injury model.[^7^](#ctm226-bib-0007){ref-type="ref"}

Over the last three decades, a number of preclinical investigations have been conducted in which perfluorochemical (PFC)‐facilitated pulmonary drug was tested.[^9^](#ctm226-bib-0009){ref-type="ref"}, [^10^](#ctm226-bib-0010){ref-type="ref"}, [^11^](#ctm226-bib-0011){ref-type="ref"}, [^12^](#ctm226-bib-0012){ref-type="ref"}, [^13^](#ctm226-bib-0013){ref-type="ref"}, [^14^](#ctm226-bib-0014){ref-type="ref"}, [^15^](#ctm226-bib-0015){ref-type="ref"}, [^16^](#ctm226-bib-0016){ref-type="ref"} Given that the distribution of inhaled aerosolized agents is complicated by the pathology they are targeted to treat, we posited that PFC liquids facilitate the distribution of the PAs and improve outcomes in ISALI. The benefits of PFC‐facilitated drug delivery include that these liquids are inert, can be homogenously distributed in the lung because of low surface tension, mitigate barotrauma, support gas exchange, improve lung mechanics, and recruit lung volume in animal models of ALI.[^17^](#ctm226-bib-0017){ref-type="ref"}, [^18^](#ctm226-bib-0018){ref-type="ref"}, [^19^](#ctm226-bib-0019){ref-type="ref"} Additionally, PFC liquids do not alter the biologics to be delivered and have been shown to decrease inflammatory and oxidative stress responses in the airways and lungs.[^18^](#ctm226-bib-0018){ref-type="ref"}, [^20^](#ctm226-bib-0020){ref-type="ref"} These effects could be of advantage in ISALI. Furthermore, there is a translational predicate for this approach as specific PFC compounds have been used in infants, children, and adults with severe respiratory distress.[^21^](#ctm226-bib-0021){ref-type="ref"}, [^22^](#ctm226-bib-0022){ref-type="ref"}, [^23^](#ctm226-bib-0023){ref-type="ref"}, [^24^](#ctm226-bib-0024){ref-type="ref"}

Building on our experience with PFC biomedical applications, development of PFC/drug suspensions for intrapulmonary drug administration, as well as extensive experience with the sheep model of ISALI,[^3^](#ctm226-bib-0003){ref-type="ref"}, [^4^](#ctm226-bib-0004){ref-type="ref"}, [^7^](#ctm226-bib-0007){ref-type="ref"}, [^25^](#ctm226-bib-0025){ref-type="ref"}, [^26^](#ctm226-bib-0026){ref-type="ref"}, [^27^](#ctm226-bib-0027){ref-type="ref"} we also hypothesized that PFC delivery of PA agents mitigates the airway cast formation in ISALI. On the basis of our previous findings using the same sheep model of ISALI, we inferred that better delivery of scuPA using PFC would more effectively improve outcomes by virtue of resistance to PAI‐1 and durable release of PA activity.[^7^](#ctm226-bib-0007){ref-type="ref"}, [^8^](#ctm226-bib-0008){ref-type="ref"} With more effective local PA delivery, we postulated that cast management would be improved and result in sustained physiologic improvement for the 48‐h study period. In this study, we sought to compare outcomes between PFC alone versus no intervention and PFC alone versus treatments with PFC suspensions of tPA or scuPA and, further, to determine dose‐dependent differences between the PAs delivered intratracheally beginning at 4 h after injury and then every 8 h‐48 h.

2. MATERIALS AND METHODS {#ctm226-sec-0060}
========================

2.1. Sheep model of ISALI {#ctm226-sec-0070}
-------------------------

All animal studies were approved by the Institutional Animal Care and Use Committees of The University of Texas Medical Branch at Galveston and The University of Texas Health Science Center at Tyler. Animals were managed according to the Guiding Principles in the Care and Use of Animals of the National Institutes of Health. Spontaneously breathing anesthetized adult female merino sheep were instrumented and exposed to cotton smoke‐induced ISALI (n = 36; 30‐45 kg; 6/group), as previously described.[^7^](#ctm226-bib-0007){ref-type="ref"}, [^26^](#ctm226-bib-0026){ref-type="ref"} Briefly, the sheep were surgically prepared for vascular access, pressure monitoring, blood sampling, and thermodilution cardiac output measurements under anesthesia and analgesia. They recovered for 5‐7 days. Then, on the day of the injury, pre and postinjury analgesia was provided with long‐acting buprenorphine, and the sheep were reanesthetized with isoflurane for placement of a tracheostomy tube, after which they were randomized by group. The experimental schedule is shown in Figure [1](#ctm226-fig-0001){ref-type="fig"}. The animals were supported with time‐cycled (20 br/min), volume‐controlled (12 mL/kg), pressure limited (35/5 cmH~2~O) mechanical ventilation (Hamilton G5 ventilator; Hamilton Medical, Inc., Reno, NV) with heated (33°C)/humidified inspired gas for a total of 48 h while conscious, as we previously reported.[^7^](#ctm226-bib-0007){ref-type="ref"}, [^26^](#ctm226-bib-0026){ref-type="ref"}

![Schematic illustration of the experimental schedule. The gray line defines the 48‐h duration of the in vivo protocol, the gray cloud defines the smoke inhalation injury onset, red and blue arrows define measurement/sample and treatment intervals, respectively, following injury](CTM2-10-258-g001){#ctm226-fig-0001}

Cardiopulmonary measurements (systemic and pulmonary arterial and capillary wedge blood pressures, heart rate, cardiac output, arterial and venous blood chemistry profile, airway pressures, and pulmonary mechanics) were recorded at baseline prior to injury (FiO~2~ = 0.21). While the sheep were anesthetized with isoflurane, smoke inhalation injury was induced using 48 breaths of cotton smoke (12 breaths × 4 sets) at \< 40°C delivered with a modified bee smoker directly into the tracheostomy tube. Then, the animals were awakened and supported with FiO~2~ = 1 for the first 3 h after injury. Thereafter, FiO~2~ was adjusted to target oxygen saturation \> 92% and PaO~2~ ∼ 100 mmHg, and respiratory rate was adjusted to target PaCO~2~ = 35‐45 mmHg. At 4 h post injury, the first dose of PFC (perfluoro‐octylbromide; FluoroMed L.P., Round Rock, TX) alone (8 mL) or PFC suspension of tPA (4 or 8 mg in 8 mL) or scuPA (4 or 8 mg in 8 mL) was delivered intratracheally at the ventilator wire during inspiration by syringe infusion. Dosing was repeated every 8 h, for a total of six 0.13 mL/kg doses. The dose of PA and volume of PFC were extrapolated from our previous study of aerosolization of the same PAs.[^7^](#ctm226-bib-0007){ref-type="ref"} Airway toilet (gentle bagging and in‐line suctioning) was performed as needed in response to alterations in respiratory patterns (eg, cough or sudden increases in airway pressure). The incidence of these events along with the presence of cast and exudate was recorded.

Cardiopulmonary measurements were repeated at least every 6 h for the duration of the 48‐h study. Animals were provided intravenous maintenance fluids (lactated ringer\'s 4 mL/h/kg with adjustments to keep hematocrit +/-- 3%) and allowed free access to food but not water throughout the study period. Animals not treated with PFC served as controls for the effect of PFC alone.

The PaO~2~/FiO~2~ ratio, oxygenation index (OI), minute ventilation, and ventilatory efficiency index (VEI) were calculated to assess pulmonary gas exchange and ventilation. Briefly, OI and VEI reflect the gas exchange output relative to the ventilator input where OI = \[(mean airway pressure × FiO~2~)/PaO~2~\] × 100 and VEI = 3800/(peak inspiratory -- peak expiratory pressure) × (breathing frequency) × PaCO~2~.[^28^](#ctm226-bib-0028){ref-type="ref"}, [^29^](#ctm226-bib-0029){ref-type="ref"} Actual tidal volume, breathing frequency, and calculated minute ventilation were evaluated as percentage of ventilator settings ("effective"). Hemodynamics were evaluated from measurements of systemic arterial, central venous, and pulmonary blood pressures; cardiac output; and calculations of systemic and pulmonary vascular resistance, respectively.

2.2. Preparation of PA therapies {#ctm226-sec-0080}
--------------------------------

A bulk solution of scuPA (NHLBI SMART) with specific enzymatic activity of ∼150 000 IU/mg, 99.5% purity 0.23 EU/mg bacterial endotoxin level,[^7^](#ctm226-bib-0007){ref-type="ref"} was used in Dulbecco\'s phosphate buffer to a concentration of 0.5 mg/mL of scuPA, which was then mixed with 1.5% w/v of mannitol. As such, mannitol was used as a stabilizing agent and carrier to prepare the PA lyophilized powder, prepared by our Pharmacology coauthors at the College of Pharmacy (The University of Texas at Austin, Austin, TX). It is often used in this manner and is used in inhalation medications without safety issues.

The solution was filtered through a 0.22 μm surfactant‐free cellulose acetate sterile syringe filter (Corning Inc., Corning, NY). Aliquots of 2 mL of the scuPA solution were filled into 5 mL borosilicate glass vials and lyophilized (VirTis Advantage Lyophilizer; VirTis Company, Inc., Gardiner, NY). The lyophilization cycle is shown in Table S1 (<https://figshare.com/s/248b4e874f9d9dafb27e>). PA/PFC suspensions were then prepared. tPA was single‐chain tPA; Cathflo Activase (Genentech, San Francisco, CA). Lyophilized tPA or scuPA was removed from vials and passed through a 30‐mesh sieve (particles \< 0.6 mm). The tPA and scuPA powder were dispersed in PFC liquid at two concentrations, 0.5 and 1 mg/mL. Eight mLs of PA/PFC suspension (4 or 8 mg PA doses) were aliquoted and transferred into a 10‐mL borosilicate glass syringe. The syringes were sealed and stored at 2‐8°C until administration. Before administration, the syringes were warmed and then gently inverted back and forth for 1 min to ensure that the powder was redispersed.

2.3. Stability of PA activity in PFC preparations {#ctm226-sec-0090}
-------------------------------------------------

Lyophilized powder of scuPA and Cathflo Activase before dispersion in the PFC was analyzed for the specific enzyme activity. The scuPA and tPA powder were dispersed in PFC at 0.5 mg/mL. The dispersions were collected and analyzed for specific enzyme activity after storage at 6‐10°C for 2 days and 25°C for 3 h. The dispersions were extracted by adding 100 µL of water into 500 µL of the dispersion. The dispersions were put on ice to separate the dispersion into two phases, including PFC phase (bottom layer) and aqueous phase (upper layer). The upper layer was collected and analyzed for the protein content by BCA assay and the enzyme activity by kinetic activity assay and then the specific enzyme activity was calculated as described previously.[^30^](#ctm226-bib-0030){ref-type="ref"}

The specific enzyme activities of the PA/PFC formulation after dispersion and storage are shown in Table S2 (<https://figshare.com/s/c77b522ff448341f596c>). No significant changes were found over 48 h during storage, so that preparations were stable between preparation and use.

2.4. Histological analysis {#ctm226-sec-0100}
--------------------------

Following euthanasia, the right lung was removed by thoracotomy. Airways were inspected for the presence of cast material. A 1‐cm‐thick section was taken from the middle of the right lower lobe, and the section was then immersion fixed with 10% formalin. Four samples (1 × 1 × 0.5 cm) of this fixed section were obtained using a predetermined matrix. These samples were processed, embedded in paraffin, and step‐sectioned at 500 µm intervals. Five 5‐μm sections from each sample were slide mounted and stained with hematoxylin and eosin. Analyses were performed while blinded to treatment group. Lung sections were first viewed through a transparent grid matrix at low power, photographed and digitized, and then changed to higher power to randomize selection. To eliminate sampling bias, every tenth grid region was then photographed and digitized, for a total of five higher power images/section.

Morphometric image analysis (Image Pro Plus, Silver Spring, MD) was performed with customized algorithms that were free of geometric assumptions to assess the tissue expansion index (ratio of volume of gas exchange to parenchymal space) by densitometry, to count the number of open gas exchange units per fixed field size using a modification of the radial alveolar count method,[^18^](#ctm226-bib-0018){ref-type="ref"}, [^31^](#ctm226-bib-0031){ref-type="ref"}, [^32^](#ctm226-bib-0032){ref-type="ref"}, [^33^](#ctm226-bib-0033){ref-type="ref"} and to assess quality and homogeneity of gas exchange unit expansion by the weighted mean of airspace diameters (D2).[^34^](#ctm226-bib-0034){ref-type="ref"}, [^35^](#ctm226-bib-0035){ref-type="ref"}, [^36^](#ctm226-bib-0036){ref-type="ref"}, [^37^](#ctm226-bib-0037){ref-type="ref"} In addition, all bronchi, bronchioles, and terminal bronchioles in these sections were identified, where bronchi were defined as airways with supporting cartilage and mucous glands, bronchioles as lacking cartilage and mucous glands, and terminal bronchioles as having short cuboidal lining cells and minimal connective tissue underlying the epithelium.[^26^](#ctm226-bib-0026){ref-type="ref"}, [^27^](#ctm226-bib-0027){ref-type="ref"}, [^38^](#ctm226-bib-0038){ref-type="ref"} These airways were quantitatively scored for lumen obstruction using Fiji‐enhanced ImageJ manual tracing of the inner lumen wall, background correction, and minimum thresholding to calculate the percentage of surface area of lumen obstruction by cast material.[^39^](#ctm226-bib-0039){ref-type="ref"}

2.5. Bronchoalveolar lavage protocol and analyses {#ctm226-sec-0110}
-------------------------------------------------

Bronchoalveolar lavage (BAL) was performed by wedging a Foley urinary catheter within a left lower lobe segment, introducing 50 mL of PBS via the catheter followed by gentle suctioning. The BAL yield (5‐20 mL) was centrifuged (2500 *g*; 4°C; 10 min), after which cell‐free lavage was immediately frozen and stored at −80°C. Measurements of the scuPA and tPA activity and antigen in BAL were done using ELISAs (Molecular Innovations, Novi, MI) per the manufacturer\'s protocol. Fibrinolytic activity in BAL was analyzed as we previously reported.[^40^](#ctm226-bib-0040){ref-type="ref"} Briefly, BAL fluids (0.1 mL) were added over a FITC‐fibrin film, which was preformed in the 96‐well plate. Fibrinolytic activity was monitored by changes in fluorescence emission at 510 nm (excitation 490 nm) with time. Plasminogen activation assays were performed as previously described.[^40^](#ctm226-bib-0040){ref-type="ref"} Levels of active PAI‐1 in the BAL samples were determined using an active rat PAI‐1 ELISA (Molecular Innovations) following the manufacturer\'s protocol.

2.6. Statistical analysis {#ctm226-sec-0120}
-------------------------

Data and statistical analyses were performed using Microsoft EXCEL Groups and Graph Pad PRISM 6 (Graphpad Software, La Jolla, CA). Dependent variables were considered to be continuous and tested for normal distribution. A fixed‐effects model was used throughout. Each physiological variable was analyzed based on an ANOVA multifactorial design (time and treatment) with repeated measures on time. Treatment group means for the physiological data were compared vertically using the Dunn‐Bonferroni procedure and horizontally using linear contrast. Histological and biochemical parameters were analyzed using ANOVA Kruskal‐Wallis with multiple pairwise comparisons among all groups using Dunn\'s post test. Data are presented as mean ± SE, and significance was accepted at the *P* \< .05 level.

3. RESULTS {#ctm226-sec-0130}
==========

3.1. Effects of PFC alone on pathophysiological and morphometric readouts {#ctm226-sec-0140}
-------------------------------------------------------------------------

We first compared the effects of PFC administration alone to no PFC treatment in sheep with ISALI. Administration of PFC at the dosages and schedule used in this study did not exert any significant effect on the broad range of physiological readouts we assessed (Fig. S1) (<https://figshare.com/s/5ab0ef77542f265aa4e6>). There were likewise no effects of the delivery of PFC alone via the airways on the morphometric indices of histologic changes in the airways or lung parenchyma (Fig. S2) (<https://figshare.com/s/0b9f4228f26da37e5f6e>). To responsibly conserve animals and cost, we subsequently used PFC‐treated animals as vehicle controls for the interventions using PFC‐PA activator suspensions.

3.2. Overall management and qualitative assessment {#ctm226-sec-0150}
--------------------------------------------------

The overall incidence of airway toilet for cough or transient elevation in airway pressures, or both, was 43% across all animals in the study, typically occurring 12 h or later after injury. There were group differences in this finding with none of the animals treated with PFC alone requiring intervention, while 50% of animals treated with tPA/PFC suspension and 40% of animals treated with scuPA/PFC suspension were treated. Cast retrieval before harvest occurred in 50% of PFC‐treated animals, 83% of those treated with either tPA/PFC or scuPA/PFC 4 mg suspension or tPA/PFC 8 mg suspension, and 33% when treated with scuPA/PFC 8 mg suspension. At postmortem dissection, airway casts beyond the mainstem bronchi were found in all of the animals treated with PFC only and tPA/PFC or scuPA/PFC suspension at 4 mg dose and in 50% of the animals treated with the PA/PFC suspensions at 8 mg.

3.3. Overall physiological phenotype of ISALI {#ctm226-sec-0160}
---------------------------------------------

The physiological profiles are shown in Figures [2](#ctm226-fig-0002){ref-type="fig"} through 5 and Tables S3 (<https://figshare.com/s/f84bcadd9174078d8ac4>) and S4 (<https://figshare.com/s/2c9007ea937f8dd962e1>). There were no significant group differences in gas exchange (Figures [2](#ctm226-fig-0002){ref-type="fig"} and [4](#ctm226-fig-0004){ref-type="fig"}), ventilatory support, and pulmonary mechanics (Figures [3](#ctm226-fig-0003){ref-type="fig"} and [5](#ctm226-fig-0005){ref-type="fig"}, Table S3) and hemodynamics (Table S4) at baseline or after injury, pretreatment (3‐h time point). All gas exchange (Figures [2](#ctm226-fig-0002){ref-type="fig"} and [4](#ctm226-fig-0004){ref-type="fig"}), ventilatory support, and pulmonary mechanics parameters (Figures [3](#ctm226-fig-0003){ref-type="fig"} and [5](#ctm226-fig-0005){ref-type="fig"}, Table S3) changed significantly after injury compared with baseline and as a function of time after injury, independent of group. Specifically, oxygenation was impaired as indicated by decreased PaO~2~/FiO~2~ ratio and increased OI. Ventilation was also impaired reflected by increased PaCO~2~ and decreased VEI. The injury was also associated with increased ventilator support requirements (peak and plateau airway pressures) and impairment of pulmonary mechanics, including decreased compliance and increased resistance over time. Hemodynamics parameters (Table S4) demonstrated significant differences after injury compared with baseline and as a function of time after injury, independent of group. Cardiac output increased significantly after injury, pretreatment, as compared with baseline, and then decreased back toward baseline over time in all PA/PFC suspension‐treated groups. Similarly, there was a significant but small increase in systemic arterial pressure and central venous pressure post injury before treatment compared with baseline. These changes reverted toward baseline over time in all PA/PFC suspension‐treated groups. There were no significant differences in systemic vascular resistance between baseline and injury before treatment or over time following treatment, independent of group. Relative to central and systemic hemodynamics, pulmonary arterial and pulmonary capillary wedge pressures showed significant and greater increments post injury before treatment versus baseline. Following PA/PFC suspension treatment, these changes over baseline were sustained over time. Pulmonary vascular resistance increased over time, independent of group.

![Dose‐response effects of perfluorochemical (PFC) tPA (blue: n = 6) and scuPA (red: n = 6) suspensions on indices of gas exchange; response to treatment to PFC only (black: n = 6) is shown as comparison. Dashed brackets demonstrate significant differences as a function of plasminogen activator (PA) dose (4 mg: solid symbols; 8 mg: open symbols); solid brackets demonstrate significant differences between PFC PA suspensions and PFC only. Data are shown as mean ± SEM. In comparison with baseline, following injury PaO~2~/FiO~2~ ratio (A and B) and ventilation efficiency index (VEI) ( G and H) decreased significantly and oxygenation index (C and D) increased significantly (*P* \< .0001) over time independent of group. With treatment, there was a significant dose‐dependent improvement in oxygenation (greater PaO~2~/FiO~2~ ratio: *P* \< .05; lower oxygenation index: C; *P* \< .05; D; *P* \< .01) and ventilation (lower PaCO~2~: *P* \< .01; E and F; greater VEI: (G; *P* \< .05; H; *P* \< .01) for both PFC tPA and PFC scuPA suspensions most notably across parameters for scuPA 8 mg as compared with 4 mg and PFC only](CTM2-10-258-g002){#ctm226-fig-0002}

![Dose‐response effects of perfluorochemical (PFC) tPA (blue: n = 6) and scuPA (red: n = 6) suspensions on indices of ventilatory support and pulmonary mechanics. The response to treatment to PFC only (black: n = 6) is shown for comparison. Dashed brackets demonstrate significant differences as a function of plasminogen activator (PA) dose (4 mg: solid symbols; 8 mg: open symbols); solid brackets demonstrate significant differences between PA/PFC suspensions and PFC only. Data are shown as mean ± SEM. In comparison with baseline, following injury peak, airway pressure (A and B), plateau pressure ventilation (C and D), and pulmonary resistance ( G and H) increased and compliance decreased (E and F) significantly (*P* \< .0001) over time independent of group. With tPA/PFC suspension treatment, ventilatory pressures (A and C; *P* \< .05) were lower and compliance (E; *P* \< .01) was higher compared with PFC only over time, independent of tPA dose. With scuPA/PFC suspension treatment, there were significant dose‐dependent differences with lower ventilatory pressures (B and D; *P* \< .05) and resistance (H; *P* \< .01) and higher compliance (*P* \< .05) for scuPA 8 mg as compared with scuPA 4 mg and PFC alone](CTM2-10-258-g003){#ctm226-fig-0003}

![Plasminogen activator‐type effects, tPA (blue: n = 6) and scuPA (red: n = 6) PFC suspensions on indices of gas exchange. The response to treatment to PFC only (black: n = 6) is shown for comparison. Dashed brackets demonstrate significant differences as a function of type of plasminogen activator (PA); solid brackets demonstrate significant differences between PA/PFC suspensions and PFC only. Data are shown as mean ± SEM. With treatment, there was a significant PA type‐dependent improvement in oxygenation (B; greater PaO~2~/FiO~2~ ratio: *P* \< .05; D; lower oxygenation index: *P* \< .01) and ventilation (H; greater VEI: *P* \< .01) that was also dose dependent favoring scuPA 8 mg/PFC suspension over tPA/PFC suspension and PFC alone](CTM2-10-258-g004){#ctm226-fig-0004}

![Plasminogen activator‐type effects, tPA (blue: n = 6) and scuPA (red: n = 6) PFC suspensions on indices of ventilatory support and pulmonary mechanics. The response to treatment to PFC only (black: n = 6) is shown for comparison. Dashed brackets demonstrate significant differences as a function of type of plasminogen activator (PA); solid brackets demonstrate significant differences between PA/PFC suspensions and PFC only. Data are shown as mean ± SEM. Ventilatory pressure support and pulmonary mechanics parameters demonstrated significant differences between the type of PA, dependent upon parameter and dose. At 4 mg, the PA type/PFC suspension‐dependent differences in peak airway (A; *P* \< .05) and plateau pressure (C; *P* \< .05), resistance (G; *P* \< .01), and compliance (E; *P* \< .05) were not sustained out to 48 h. In contrast at 8 mg, there was sustained significant reduction in ventilatory pressures (B and D; *P* \< .05) and resistance (H; *P* \< .01) decreasing more (*P* \< .05) with scuPA/PFC suspension as compared with tPA/PFC suspension and PFC alone and improvement in compliance (F; *P* \< .05) compared with PFC alone](CTM2-10-258-g005){#ctm226-fig-0005}

3.4. Dose‐response effects of tPA/PFC and scuPA/PFC suspensions on gas exchange, ventilatory support, and pulmonary mechanics {#ctm226-sec-0170}
-----------------------------------------------------------------------------------------------------------------------------

The dose‐response effect of tPA/PFC and scuPA/PFC suspensions on gas exchange is shown in Figure [2](#ctm226-fig-0002){ref-type="fig"}. Effects of the PA/PFC suspensions on ventilatory support and pulmonary mechanics are shown in Figure [3](#ctm226-fig-0003){ref-type="fig"} and Table S3. Gas exchange parameters demonstrated a significant dose‐dependent improvement in oxygenation (Figures [2A](#ctm226-fig-0002){ref-type="fig"} and B: greater PaO~2~/FiO~2~ ratio; Figures [2C](#ctm226-fig-0002){ref-type="fig"} and D: lower oxygenation index) and ventilation (Figures [2E](#ctm226-fig-0002){ref-type="fig"} and F: lower PaCO~2~; Figures [2G](#ctm226-fig-0002){ref-type="fig"} and H: greater VEI, independent of the type of PA), in favor of scuPA 8 mg/PFC suspension as compared with scuPA 4 mg/PFC suspension and PFC only. Similar but temporally more limited changes were observed in favor of tPA 8 mg/PFC suspension. Ventilatory pressure support (Figures [3A](#ctm226-fig-0003){ref-type="fig"} and C), tidal volume, breathing frequency, and minute ventilation (Table S3) and pulmonary mechanics (Figures [3E](#ctm226-fig-0003){ref-type="fig"} and G) parameters demonstrated significant differences between tPA/PFC suspension treatments and PFC only. Ventilator pressures and "effective breathing frequency and minute ventilation" were lower, and compliance and "effective tidal volume" were higher in tPA/PFC suspension treatment groups as compared with PFC only over time, independent of tPA dose. In contrast, with scuPA/PFC suspension, significant dose‐dependent differences were seen with lower ventilatory pressures (Figures [3B](#ctm226-fig-0003){ref-type="fig"} and D) and resistance (Figure [3H](#ctm226-fig-0003){ref-type="fig"}), and higher compliance (Figure [3F](#ctm226-fig-0003){ref-type="fig"}) was observed when scuPA 8 mg/PFC suspension was used as compared with scuPA 4 mg/PFC suspension and PFC only. Significantly higher "effective tidal volume and minute ventilation" (Table S3) was observed in sheep treated with scuPA 8 mg/PFC suspension as compared with scuPA 4 mg/PFC suspension.

Overall, the gas exchange, ventilatory support, and pulmonary mechanics data demonstrated a superior aggregate dose response in favor of scuPA 8 mg/PFC suspension over lower dose scuPA/PFC suspension, either tPA dose/PFC suspension or PFC only.

3.5. Dose‐response effects of tPA/PFC and scuPA/PFC suspensions on hemodynamics {#ctm226-sec-0180}
-------------------------------------------------------------------------------

The dose‐response effect of tPA/PFC and scuPA/PFC suspensions on hemodynamics is shown in Table S4. Post injury after initiation of PA/PFC suspension treatment, cardiac output and central venous pressure were lower than in the PFC only group, independent of time and tPA/PFC or scuPA/PFC suspension dose. While returning toward baseline values, there were no significant dose‐dependent differences in systemic arterial pressure and systemic vascular resistance for either tPA/PFC or scuPA/PFC suspension‐treated animals or how each PA/PFC suspension dose response compared with PFC‐only‐treated animals. In this regard, postinjury systemic vascular resistance by 12‐18 h was greater in PA/PFC suspension‐treated animals as compared with those treated with PFC only, independent of the PA suspension dose. Similarly, after PA/PFC suspension treatment, there were no significant dose‐dependent differences in the sustained injury‐induced increase in pulmonary arterial and pulmonary capillary wedge pressure; the further increase in pulmonary vascular resistance over time was mitigated with scuPA 8 mg/PFC suspension relative to scuPA 4 mg/PFC suspension.

3.6. PA/PFC suspension type (tPA vs scuPA) effects on gas exchange, ventilatory support, and pulmonary mechanics {#ctm226-sec-0190}
----------------------------------------------------------------------------------------------------------------

The effect of the type of PA/PFC suspension on gas exchange is shown in Figure [4](#ctm226-fig-0004){ref-type="fig"} and on ventilatory support and pulmonary mechanics in Figure [5](#ctm226-fig-0005){ref-type="fig"} and Table S3. All parameters changed significantly as a function of time after injury, independent of group. Gas exchange parameters demonstrated significant PA type/PFC suspension‐dependent improvements in oxygenation (Figures [4A](#ctm226-fig-0004){ref-type="fig"} and B: greater PaO~2~/FiO~2~ ratio and Figures [4C](#ctm226-fig-0004){ref-type="fig"} and D: lower oxygenation index) and ventilation (Figures [4E](#ctm226-fig-0004){ref-type="fig"} and F: lower PaCO~2~ and Figures [4G](#ctm226-fig-0004){ref-type="fig"} and H: greater VEI) that were dose dependent. At 8 mg, oxygenation and VEI (Figures [4D](#ctm226-fig-0004){ref-type="fig"} and H) were superior with scuPA/PFC compared with tPA/PFC suspension or PFC only. As shown in Figure [5](#ctm226-fig-0005){ref-type="fig"} and Table S3, ventilatory pressure support and pulmonary mechanics parameters demonstrated significant differences between the type of PA/PFC suspension, dependent upon parameter and dose. At 4 mg, PA type/PFC suspension‐dependent differences in ventilatory pressures (Figures [5A](#ctm226-fig-0005){ref-type="fig"} and C), resistance (Figure [5G](#ctm226-fig-0005){ref-type="fig"}), and compliance (Figure [5E](#ctm226-fig-0005){ref-type="fig"}) were not maintained to 48 h. By contrast at 8 mg, there were sustained reductions in ventilatory pressures (Figures [5B](#ctm226-fig-0005){ref-type="fig"} and C) and resistance (Figure [5H](#ctm226-fig-0005){ref-type="fig"}) decreasing significantly more with scuPA/PFC than tPA/PFC suspension or PFC alone. Improvement in compliance (Figure [5F](#ctm226-fig-0005){ref-type="fig"}) and "effective tidal volume and minute ventilation" (Table S3) was superior with scuPA/PFC suspension as compared with tPA/PFC suspension.

Overall, the gas exchange, ventilatory, and pulmonary mechanics data again demonstrated a superior response in favor of scuPA/PFC suspension over tPA/PFC suspension with more sustained differences at the 8 mg dose.

3.7. PA/PFC suspension type (tPA vs scuPA) effects on hemodynamics {#ctm226-sec-0200}
------------------------------------------------------------------

The effect of the type of PA/PFC suspension on hemodynamics is shown in Table S4. Post injury after initiation of PA/PFC suspension treatment, cardiac output and central venous pressures were lower than in the PFC‐only group, independent of time and type of PA/PFC suspension, and not significantly different between types of PAs. There were no significant PA type/PFC suspension‐dependent differences in systemic arterial pressure and systemic vascular resistance. Systemic vascular resistance was significantly greater in all PA/PFC suspension‐treated animals compared with PFC‐only‐treated animals.

In contrast to central and systemic hemodynamics, there was a significant PA type/PFC suspension‐dependent difference in the sustained injury induced increase in pulmonary arterial and pulmonary capillary wedge pressure and further increase in pulmonary vascular resistance over time. Specifically, these postinjury, posttreatment responses were more attenuated by scuPA/PFC relative to tPA/PFC suspension treatment.

3.8. Histology and morphometrics {#ctm226-sec-0210}
--------------------------------

Figure [6](#ctm226-fig-0006){ref-type="fig"} illustrates the representative light micrographs of hematoxylin‐ and eosin‐stained lung sections and airway generations from animals 48 h post injury, which received equivalent dosing of tPA/PFC suspension or scuPA/PFC suspension or PFC alone in equivalent low volumes of PFC. Tissues from all animals had characteristic changes associated with ISALI with various degrees of nonhomogenous parenchymal lung hemorrhage, septal infiltrates, and hyaline membranes. There was no evidence of significant airway hemorrhage at any airway level in any of the groups, consistent with absence of airway bleeding in vivo. Regional differences in the amount of airway casts were qualitatively greater at the bronchiolar level. Quantitative data of parenchymal and airway images from animals in all groups are shown in Figure [7](#ctm226-fig-0007){ref-type="fig"}. These analyses demonstrated significantly greater lung tissue expansion (Figure [7A](#ctm226-fig-0007){ref-type="fig"}: expansion index) and homogeneity (Figure [7B](#ctm226-fig-0007){ref-type="fig"}: lower D2) of expanded gas exchange units in sheep treated with scuPA/PFC suspension. There was a trend toward a greater number of expanded gas exchange units following treatment with scuPA 8 mg/PFC suspension compared with all other groups.

![Representative light micrographs of hematoxylin and eosin lung and regional airway tissues. Images from lung parenchyma (A‐C) show characteristic changes of various degrees of nonhomogenous parenchymal hemorrhage, septal infiltrates, and hyaline membranes, characteristic of the ISALI model. Regional differences in cast debris are noted within each study group (bronchus: D‐F; bronchiole: G‐I; and terminal bronchiole: J‐L) with qualitative assessment of greater amounts in the bronchiole level. Scale bars reflect different levels of magnification between the lung tissue and regional airways](CTM2-10-258-g006){#ctm226-fig-0006}

![Quantitative histomorphological profile. A, Expansion index; B, number of opened gas exchange units per fixed field; C, D2, representing homogeneity of gas exchange unit expansion[^34^](#ctm226-bib-0034){ref-type="ref"}, [^35^](#ctm226-bib-0035){ref-type="ref"}, [^36^](#ctm226-bib-0036){ref-type="ref"}, [^37^](#ctm226-bib-0037){ref-type="ref"}; D, bronchus % obstruction; E, bronchiole % obstruction; and F, terminal bronchiole % obstruction. Data are shown as mean ± SEM. Treatment with PFC only: black bars; tPA 4 mg/PFC suspension: blue bars; tPA 8 mg/PFC suspension: blue vertical striped bars; scuPA 4 mg/PFC suspension: red solid bars; scuPA 8 mg/PFC suspension: red vertical striped bars. Data demonstrate significantly greater (\**P* \< .05) lung tissue expansion and homogeneity (lower D2) of expanded gas exchange units following treatment with scuPA 8 mg/PFC suspension as compared with all other groups. Large airway (bronchus: D) and small airway (bronchiole: E; terminal bronchiole: F) obstructions were significantly (\**P* \< .05) greater in animals treated with tPA 8 mg/PFC suspension as compared with all other groups. Bronchus and bronchiole obstruction was lowest (\*\**P* \< .01) following scuPA 8 mg/PFC suspension treatment than all other groups with scuPA versus tPA at either dose. Terminal bronchiolar obstruction was significantly lower (\*\**P*\<.01) with scuPA/PFC suspension as compared with tPA/PFC suspension, independent of dose](CTM2-10-258-g007){#ctm226-fig-0007}

The number of airways evaluated in the tissue sections was significantly different as a function of generation (*P* \< .01; bronchi 13 ± 4 SEM, bronchioles 223 ± 28 SEM, terminal bronchioles 51 ± 7 SEM) but not as a function of group. As shown in Figure [7](#ctm226-fig-0007){ref-type="fig"}, there were regional differences in airway obstruction; % lumen obstruction decreased from proximal to distal airways, independent of group. Treatment with tPA 8 mg/PFC suspension resulted in greater large (Figure [7D](#ctm226-fig-0007){ref-type="fig"}: bronchus) and small airway (Figure [7E](#ctm226-fig-0007){ref-type="fig"}: bronchiole; Figure [7F](#ctm226-fig-0007){ref-type="fig"}: terminal bronchiole) obstruction than in all other groups. Terminal bronchiole airway obstruction was lower with scuPA/PFC suspension versus tPA/PFC suspension at either dose. Overall, both large and small airway obstructions were significantly lower with scuPA 8 mg/PFC suspension compared with tPA/PFC suspension treatment, independent of tPA/PFC suspension dose, and consistent with a reduction in cast burden.

3.9. Biochemical analyses {#ctm226-sec-0220}
-------------------------

Samples of BAL collected at 48 h (Figure [1](#ctm226-fig-0001){ref-type="fig"}), 4 h after the last (sixth treatment), were used to confirm the successful pulmonary delivery of PA/PFC suspensions. Samples of BAL were first analyzed for levels of tPA and uPA antigen (Figure [8A](#ctm226-fig-0008){ref-type="fig"}). The concentration of total antigen trended higher in BAL of the animals treated with scuPA 8 mg/PFC suspension than that of tPA 8 mg/PFC suspension (Figure [8A](#ctm226-fig-0008){ref-type="fig"}). PA activity (Figure [8B](#ctm226-fig-0008){ref-type="fig"}) in BAL measured independently by commercial ELISA (not shown) or plasminogen‐activating assay,[^41^](#ctm226-bib-0041){ref-type="ref"} or both, demonstrated variability with trends toward increased PA activities in BAL of animals treated with either PA (Figure [8B](#ctm226-fig-0008){ref-type="fig"}).

![Biochemical analyses of bronchoalveolar lavage fluids (BALFs). Human tissue and urokinase plasminogen activators are detected in BAL of the sheep treated with perfluorochemical (PFC) tPA (blue: 4 mg treatment n = 8; 8 mg treatment n = 6), scuPA (red: n = 6) suspensions. BAL of sheep treated with PFC/PA (red and blue) and PFC alone (black: n = 6) was assayed for the presence of human tPA or scuPA antigens (A), plasminogen activating (B) and fibrinolytic (C) activities, and level of active PAI‐1 (D). While human scuPA or tPA was not detected in animals treated with PFC alone (black circles), an increase in doses of tPA (blue) or scuPA (red) (4 mg: solid symbols; 8 mg: open symbols) resulted in the apparent increase of BALF human plasminogen activator antigens. Plasminogen activating and fibrinolytic activities were variably increased in BALF of animals treated with tPA/PFC suspension (B and C). Level of active PAI‐1 (D) in BALF of PFC or PA/PFC suspension‐treated animals was analyzed using rat PAI‐1 ELISA (Molecular Innovations). PAI‐1 activity was at or below the level of detection in BALF of sheep treated with 8 mg of either scuPA or tPA/PFC suspensions. One data point in the control group (black circles) was omitted. Data are presented as box plots, showing median and interquartile ranges. Statistically significant differences are noted. There were no significant differences in levels of PA or fibrinolytic activities between the studied groups](CTM2-10-258-g008){#ctm226-fig-0008}

Levels of fibrinolytic activity in BAL samples (Figure [8C](#ctm226-fig-0008){ref-type="fig"}) demonstrated comparable trends and correlated with PA activity (Figure [8B](#ctm226-fig-0008){ref-type="fig"}). Notably, no significant PA or fibrinolytic activity was detected in BAL of the control animals treated with PFC alone. Supplementation of samples possessing no PA activity with 10 nM of exogenous tPA resulted in fibrinolytic activity reflecting activation of accumulated endogenous plasminogen (not shown). Active PAI‐1 was significantly higher in the group treated with PFC alone than the groups treated with either 8 mg of scuPA/PFC suspension or tPA/PFC suspension, where active PAI‐1 was at the limit of detection in the majority of the samples (Figure [8D](#ctm226-fig-0008){ref-type="fig"}). These data indicate that active PAI‐1 was largely quenched by the PA/PFCs and that overexpression of endogenous PAI‐1 contributes to the suppression of PA and fibrinolytic activity found in the majority of the samples (Figures [8B](#ctm226-fig-0008){ref-type="fig"} and C).

4. DISCUSSION {#ctm226-sec-0230}
=============

The central findings of this study indicate that in a translational sheep model of ISALI, low‐volume repeated PFC‐facilitated PA delivery improved physiologic and histologic outcomes. Administration of scuPA/PFC suspension at the 8 mg dose resulted in reduced cast burden and sustainable improvement in physiologic outcomes compared with low‐volume PFC alone. Further, dose‐response and PA‐type response analyses demonstrated the relative superiority of scuPA 8/PFC suspension mg versus lower dose scuPA/PFC suspension or tPA/PFC suspension at comparable doses in terms of physiologic and histological outcomes.

ISALI affects thousands of smoke‐exposed patients in civilian and military practice annually,[^4^](#ctm226-bib-0004){ref-type="ref"} contributing to greater than 3000 deaths and 17 000 fire‐related injuries in the United States annually and a fire‐related mortality rate of 2‐3/100 000 population.[^42^](#ctm226-bib-0042){ref-type="ref"} It is characterized by airway epithelial lining damage promoting leakage of plasma substrates into the large airways with coagulation suggesting that endogenous fibrinolytic activity is locally impaired. Aberrant fibrin turnover occurs in ISALI with fibrin casts originating in the large airways that are prone to distal migration with alveolar deposition.[^4^](#ctm226-bib-0004){ref-type="ref"}, [^38^](#ctm226-bib-0038){ref-type="ref"} These derangements compromise pulmonary mechanics by increasing resistance and decreasing compliance, leading to nonhomogenous lung expansion and distribution of ventilation, atelectasis, and ultimately impaired gas exchange.

Interventions to mitigate the development of airway casts or remove established cast formations are limited. Clinical efficacy of nebulized anticoagulants remains unproven, and they carry risks of initiating local or systemic coagulopathy.[^43^](#ctm226-bib-0043){ref-type="ref"}, [^44^](#ctm226-bib-0044){ref-type="ref"}, [^45^](#ctm226-bib-0045){ref-type="ref"} Supportive management is suboptimal. Clinical outcomes reflect significant morbidity, including bronchial reactivity and pulmonary fibrosis, and is not uncommonly associated with progression to acute respiratory distress syndrome (ARDS) with mortality rates approaching 40%.[^46^](#ctm226-bib-0046){ref-type="ref"}

Anticoagulants do not support the clearance of established casts, but PAs degrade fibrin deposits by generating increments of plasmin. Because smoke‐induced local impairment of fibrinolytic activity contributes to deposition and persistence of these casts, we previously treated the sheep model of cotton ISALI with nebulized tPA or scuPA to assess the safety and physiologic efficacy to reduce cast burden.[^7^](#ctm226-bib-0007){ref-type="ref"} We found that nebulized tPA delivery was confounded by airway bleeding, while scuPA was well tolerated and supported transient improvement in gas exchange and lung mechanics. tPA is an active protease/fibrinolysin that avidly binds fibrin and is rapidly inactivated by PAI‐1 or other inhibitors in ALI. Nebulized tPA doses that overwhelm local inhibitors predispose to airway bleeding.[^7^](#ctm226-bib-0007){ref-type="ref"} scuPA, a more bioavailable agent, forms bioactive complexes with α‐macroglobulins, which are resistant to inhibition by PAI‐1. These complexes durably release low levels of active PA to mitigate bleeding risk.[^47^](#ctm226-bib-0047){ref-type="ref"} These differences may explain the observed PA type‐dependent differences in airway bleeding. The transient improvements in ISALI that could be achieved by nebulized scuPA or tPA may have been attributable to impaired distribution of the inhaled aerosolized PAs. We reasoned that a PFC delivery system would favor better airway and lung parenchymal distribution of exogenous PAs and improved outcomes in ISALI. We also inferred that PFC delivery would prevent excessive local accumulation of PAs to mitigate bleeding risk within the airways or lung parenchyma. We found that PFC delivery of the PAs was well tolerated and enabled durable outcomes that could not be achieved by nebulization of the agents at the same doses.[^7^](#ctm226-bib-0007){ref-type="ref"} Historically, intrapulmonary volumes of PFC liquids have been used as imaging agents as well as an assisted "liquid ventilation" approach in translational preclinical and clinical studies to improve gas exchange and alveolar recruitment at reduced ventilator pressures. Airway delivery of PFCs has also been used to remove airway and parenchymal debris in diverse forms of ALI and ARDS.[^18^](#ctm226-bib-0018){ref-type="ref"}, [^21^](#ctm226-bib-0021){ref-type="ref"}, [^22^](#ctm226-bib-0022){ref-type="ref"}, [^23^](#ctm226-bib-0023){ref-type="ref"}, [^31^](#ctm226-bib-0031){ref-type="ref"}, [^48^](#ctm226-bib-0048){ref-type="ref"}, [^49^](#ctm226-bib-0049){ref-type="ref"}, [^50^](#ctm226-bib-0050){ref-type="ref"}, [^51^](#ctm226-bib-0051){ref-type="ref"}, [^52^](#ctm226-bib-0052){ref-type="ref"} In this approach, various volumes of neat or aerosolized PFC are instilled and maintained at a reference lung volume until recovery to full gas breathing alone. The preponderance of studies confirms substantive benefits of PFCs in rescue of gas exchange, lung function, and mortality.[^19^](#ctm226-bib-0019){ref-type="ref"}, [^21^](#ctm226-bib-0021){ref-type="ref"}, [^22^](#ctm226-bib-0022){ref-type="ref"}, [^53^](#ctm226-bib-0053){ref-type="ref"}, [^54^](#ctm226-bib-0054){ref-type="ref"} PFCs have also been used to formulate drugs for delivery and distribution in the lung during "liquid ventilation," including the recombinant protein superoxide dismutase, antibiotics, vasoactive substances, or surfactant in the formulation.[^9^](#ctm226-bib-0009){ref-type="ref"}, [^11^](#ctm226-bib-0011){ref-type="ref"}, [^12^](#ctm226-bib-0012){ref-type="ref"}, [^13^](#ctm226-bib-0013){ref-type="ref"}, [^14^](#ctm226-bib-0014){ref-type="ref"}, [^15^](#ctm226-bib-0015){ref-type="ref"}, [^16^](#ctm226-bib-0016){ref-type="ref"}, [^55^](#ctm226-bib-0055){ref-type="ref"} PFCs are also well tolerated and have direct beneficial effects in the compromised lung (decreased edema and inflammation) independent of the drug delivered.[^18^](#ctm226-bib-0018){ref-type="ref"}, [^20^](#ctm226-bib-0020){ref-type="ref"}, [^51^](#ctm226-bib-0051){ref-type="ref"} Given these advantages, we inferred that PFCs would improve airway delivery of PAs and improve outcomes in ISALI.

Unlike previous studies of PFC "liquid ventilation" or PFC‐facilitated pulmonary drug administration, the current experimental design utilized extremely low volumes of PFC as a distribution aide for the PAs. Our choice of the specific PFC (perfluoro‐octylbromide; perflubron) as a vehicle for intrapulmonary delivery is based on the supportive physicochemical properties and tolerance demonstrated in preclinical and clinical experiences when used for multiple different pulmonary applications (eg, imaging, ventilatory assist, and drug delivery).[^10^](#ctm226-bib-0010){ref-type="ref"}, [^12^](#ctm226-bib-0012){ref-type="ref"}, [^22^](#ctm226-bib-0022){ref-type="ref"}, [^23^](#ctm226-bib-0023){ref-type="ref"}, [^48^](#ctm226-bib-0048){ref-type="ref"}, [^51^](#ctm226-bib-0051){ref-type="ref"}, [^52^](#ctm226-bib-0052){ref-type="ref"} Relative to the low volumes of PFC alone, PAs delivered in the same volume of PFC demonstrated improvements in gas exchange, ventilatory support, pulmonary mechanics, and histologic outcomes. Dissolution and dislodgement of the airway casts appeared to contribute to these benefits.

Mechanistically, the respiratory gas solubility in PFC supports gas exchange during delivery. Unlike during "liquid ventilation," where maintenance volumes of PFC effectively recruit lung volume, it is unlikely that the low volumes used in PA/PFC delivery were responsible for physiologic or cast‐burden improvements. This interpretation is supported by the lack of discernible effects in the injured non‐PFC‐treated animals versus those treated with low‐volume PFC alone. Rather, we reason that because of the low surface tension of the PFC liquid, the PFC distributed the PAs throughout the airways both on the luminal surface and between casts and airway wall, degrading casts as they formed while impeding formation of new casts. As the PFC volatized from the lung between dosing, the PAs remained to further act to dissolve airway casts and alveolar fibrin. Upon redosing with PA/PFC suspension, the low PFC volumes not only deposited additional drug but may have promoted cast removal by suctioning or cough. Because the PFC is incompressible, we infer that residual, nonvolatilized PFC promoted small airway patency, aiding alveolar recruitment. We speculate that reduced small airway obstruction, supporting improvements in resistance, compliance, oxygenation, and ventilation, likely contributed to the salutary effects of the PA/PFC suspension.

The bronchoalveolar lavage fluid (BALF) biochemical studies confirmed successful airway delivery of tPA and scuPA as PFC suspensions. The levels of total uPA antigen in both 4‐ and 8‐mg doses were comparable with those observed previously with nebulized PAs.[^7^](#ctm226-bib-0007){ref-type="ref"} Thus, both methods of delivery (nebulizing up to 44 mg of PA[^7^](#ctm226-bib-0007){ref-type="ref"} or delivery of 24 or 48 mg of PAs as a suspension in PFC; present study) resulted in similar levels of the antigen in the BALF. However, local delivery of PA by PFC delivery was considerably faster than by nebulization, likely mitigating PA inactivation by less efficient delivery of nebulized PA.[^7^](#ctm226-bib-0007){ref-type="ref"} The observed simultaneous increase in the PA and fibrinolytic activity in BALF (Figures [8B](#ctm226-fig-0008){ref-type="fig"} and C) indicates that PA/PFC suspension delivery can activate the endogenous fibrinolytic system and promote fibrinolysis of airway casts. The variability of detectable PAs and their activities in BALF likely reflects the anticipated differences in retrieval of the administered BAL or other effects that the PFC may have exerted. Because BALF was collected 4 h after the last administration of PA/PFC suspension, detection of the BALF antigens and PA or fibrinolytic activities likely became more difficult. A potential alternate effect leading to the variability of PA detection may have been greater retention of the administered BAL via increased small airway patency. On the other hand, there was accumulation of plasminogen in the BAL samples, which possessed no PA activity. This was confirmed by the activation of endogenous plasminogen with ex vivo supplementation of BALF by tPA, resulting in robust fibrinolytic activity in each BALF sample. This observation also suggests that PA activity may have been generated earlier within lower airway fluids and dissipated by the time of the BAL procedure. The results of the present study clearly indicate that (a) direct delivery of the PAs as a suspension in PFC is more effective than nebulization of the same amount of the drug, and (b) that a short half‐life of the PAs in vivo results in their fast inactivation and accumulation of endogenous plasminogen. Thus, delivery and retention of the PA activity at the site of the smoke inhalation injury are critical for successful therapy. Levels of PAI‐1 activity were reduced in PA/PFC suspension‐treated animals versus controls, suggesting that the inhibitor bounds the administered PAs, thereby reducing the detectable activity. Interestingly, higher levels of PA and fibrinolytic activity in BAL samples of animals treated with tPA/PFC suspension (Figures [8B](#ctm226-fig-0008){ref-type="fig"} and C) did not correlate with physiological outcomes, where scuPA 8 mg/PFC suspension demonstrated superiority over any other treatment. This could reflect differences in airway/alveolar processing of tPA and scuPA/PFC suspensions, which require further investigation beyond the scope of this study.

Overall, we found that both large and small airway obstructions were lower with the higher dose of scuPA/PFC suspension tested compared with tPA/PFC suspensions, independent of tPA dose and PFC only. These findings are consistent with (a) the parenchymal histological outcome of greater and more homogenous lung expansion and (b) associated functional outcome of lower resistance and greater compliance requiring less ventilatory pressure support to sustain improvements in oxygenation and ventilation. These reduced ventilatory requirements were also coupled to relative improvements in pulmonary hemodynamics. Notably, the treatment with scuPA/PFC suspension attenuated the injury‐induced increase in pulmonary arterial and capillary wedge pressure, as well as the increase in pulmonary vascular resistance over time. Compared with PFC alone in which arterial carbon dioxide tension continued to increase despite increasing ventilatory pressure support after injury, arterial carbon dioxide tension in the PA/PFC suspension‐treated animals was maintained with less ventilatory pressure support. There was also more "effective tidal volume and minute ventilation," and greater ventilation efficiency, at the higher scuPA/PFC suspension dose. Collectively, these findings reflect the reduction in cast burden that occurred with the higher 8‐mg unit dose of scuPA/PFC suspension. Our finding that cast retrieval prior to and at harvest was lowest in animals treated with scuPA 8 mg/PFC suspension supports the concept that this intervention best mitigates cast formation and resolution/removal of casts. It is noteworthy to mention that the histologic data were derived from assessment of the findings in a single lobe, as described in the Methods. As such, these findings may not reflect the overall response of the lungs to the intervention as shown in the results. Further, the absence of airway bleeding in this study with either PA/PFC suspension may reflect improved distribution of PA by the PFCs as shown previously in the delivery of other biologics.[^9^](#ctm226-bib-0009){ref-type="ref"}, [^10^](#ctm226-bib-0010){ref-type="ref"} We speculate that improved distribution of the PAs as well as the effect of PA/PFC suspension "coating" the casts and airway contributed to the protective effects of the PA/PFC suspensions.

Finally, the dose‐response and PA‐type comparisons demonstrated the relative superiority with the highest dose (8 mg) of scuPA/PFC suspension tested in this study over lower doses. Furthermore, scuPA results exceeded tPA dose responses in gas exchange, ventilatory support, pulmonary mechanics, and histologic outcomes. It is noteworthy that there is a dose‐dependent sustained in vivo physiologic improvement and complementary superior histological outcome in the absence of airway bleeding with low‐volume PFC‐facilitated distribution of scuPA 8 mg/PFC suspension, as compared with tPA/PFC suspensions or previously studied aerosolized tPA or scuPA.[^7^](#ctm226-bib-0007){ref-type="ref"} In contrast to aerosolization or nebulization techniques in which a small percentage of the dose emitted from the device may be actually delivered to the lung, the entire dose is delivered to the lung using intratracheal PA/PFC delivery methods. It is conceivable that outcomes may be optimized further by expanded PA/PFC regimes, such as by increased concentration per dose or frequency of dosing.

5. CONCLUSIONS {#ctm226-sec-0240}
==============

The sustained salutary responses to scuPA/PFC suspension delivery are encouraging and support the possibility that the observed benefits could be of translational importance. This possibility would require future testing.
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